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We report on our study of the infrared gluon propagator for SU(2) lattice gauge theory using large lattice volumes. The observed massive behavior is discussed from the point of view of analytic predictions for the zero-temperature case. Such a behavior is still present as the temperature is switched on, but manifests itself differently in the electric and magnetic channels.
International Workshop on QCD Green's Functions, Confinement and Phenomenology, September 05-09, 2011
Trento Italy
Introduction
The massive infrared behavior of the gluon propagator D(p 2 ) in Landau gauge (see e.g. [1] ) has been distinctively observed in lattice simulations using very large volumes a few years ago [2, 3, 4] , for SU (2) and SU(3) pure gauge theory (see [5] for a review). This behavior has been recently analyzed in terms of an effective running mass in [6] (see also [7] ) and it has been associated to the dimension-two condensates in the so-called refined Gribov-Zwanziger (RGZ) framework (see e.g. [8] ) for the SU(3) case in [9] . Here we present the results of our fits to the SU(2) gluon propagator, which can be associated to the RGZ formula. More precisely, we have performed systematic fits to our data in the whole range of available momenta (in the infrared region) using the so-called Gribov-Stingl form [10, 11] for modeling the massive behavior of the gluon propagator. This form is a generalization of the Gribov propagator [12, 13] -which is based on a pair of purely imaginary complex-conjugate poles -to include pairs of complex-conjugate poles with a nonzero real part, as well as a possible real pole. We have tested several rational forms of this type for D(p 2 ), and found that a four-parameter expression (in which one of the parameters is a global normalization) gives the best quantitative description of the data in the 4d case. In the 3d case we need five parameters, one of which again serves as a global normalization. The behavior in the two cases is associated respectively to the simplified and to the general RGZ formulas for D(p 2 ). In two dimensions, on the contrary, the use of rational forms is not sufficient to describe the data. This case will not be considered here. A more detailed discussion of these zero-temperature fits has been presented recently in [14] .
At finite temperature, a similar massive behavior is observed for both the longitudinal (electric) and the transverse (magnetic) gluon propagator in the infrared limit [15, 16, 17, 18, 19, 20, 21, 22] . In this case, we have used a modified Gribov-Stingl form to describe our SU(2) data and to define electric and magnetic screening masses. A recent update on our results can be found in [23] . This study is still preliminary.
In the following, we review the features of the RGZ framework in Section 2, then present our fit results in Section 3. The finite-temperature case is considered in Section 4, followed by our conclusions and the bibliography.
The Refined Gribov-Zwanziger Framework
The refined Gribov-Zwanziger framework (RGZ) differs from the scenario originally proposed by Gribov [12] and Zwanziger [13] through the introduction of dimension-two condensates [8, 24, 25, 26, 27] . In the most general case, four different condensates are considered, i.e.
where we have listed the dynamical mass associated to each condensate. Note that the condensate −m 2 is directly related to the gluon condensate g 2 A 2 . In the presence of the four condensates above, the original infrared suppressed gluon propagator in [12, 13] is modified as
where the condensates m 2 , M 2 , ρ are described above and λ 4 is related to the Gribov parameter γ through λ 4 = 2g 2 N c γ 4 . Also, we have set
It is interesting to notice that this propagator gets simplified if ρ = ρ † = ρ 1 (i.e. ρ 2 = 0), which corresponds to the equality ϕϕ = ϕϕ from (2.1). Indeed, in this case one can factorize the quantity p 2 + M 2 − ρ 1 in the numerator and in the denominator of the above formula, obtaining 
To this end, we only need to solve the cubic equation
obtained by setting p 2 = x in the denominator of Eq. (2.2), and to find its three roots ω 2 1 , ω 2 2 and ω 2 3 . At the same time, the gluon propagator in Eq. (2.4) can be written as
where we expect to have α − = α * + if ω 2 − = (ω 2 + ) * , i.e. if ω 2 + and ω 2 − are complex conjugates. Here, ω 2 ± are the roots of the quadratic equation 
Let us remark that rational forms such as (2.2) and (2.4) for the gluon propagator were considered by Stingl [10, 11] , as a way of accounting for nonperturbative effects in an extended perturbative approach to Euclidean QCD. More precisely, in his treatment, one expresses the proper vertices of the theory as an iterative sequence of functions yielding a self-consistent solution to the Dyson-Schwinger equations. In particular, for the gluon propagator, this sequence is written [see Eq. (2.10) in Ref. [11] ] in terms of ratios of polynomials in the variable p 2 , of degree r in the numerator and r + 1 in the denominator, with r = 0, 1, 2, . . . . This functional form is then related, via operator the product expansion, to the possible existence of vacuum condensates of dimension 2n, with n ≥ 1. At the same time, the associated complex-conjugate poles are interpreted as short-lived elementary excitations of the gluon field [10, 13, 11] . By comparison, in the RGZ framework, one proposes specific forms for the dimension-two condensates -related to the auxiliary fields of the GZ action -and then obtains (at tree level) the rational functions in Eqs. (2.2) and (2.4), which correspond respectively to cases with r = 3 and 2 in Stingl's iterative sequence.
Zero-temperature results
We analyze data for the SU(2) Landau-gauge gluon propagator, produced in 2007 and already discussed in [3, 28, 29, 5] , but not systematically fitted until recently. Our run parameters and lattice setup are described in [14] . We note that the lattice spacing a is set by using the 4d SU(3) value for the string tension, as described in [30] and [31] respectively for d = 3 and 4. All our runs are in the scaling region. Possible systematic effects due to Gribov copies as well as unquenching effects are not considered here. Finite-volume effects, on the other hand, are well under control and our largest lattice volumes can be already considered as infinite. We notice that, in order to reduce discretization errors due to the breaking of rotational symmetry, we have considered several configurations for the momentum components p µ and used the improved momentum definition in [32] , which does not affect the value of p 2 in the IR limit, but modifies its value significantly for large momenta. We have checked that the use of improved momenta helps to obtain a better fit to the data in both the 4d and the 3d cases.
Values of physical parameters (i.e. the condensates and poles introduced in the previous section) are extracted from the data at the largest lattices, with lattice volume 128 4 in 4d and 320 3 in 3d, and lattice spacing respectively of 0.210 fm and 0.268 fm. This corresponds to physical volumes of about (27 fm) 4 and (85 fm) 3 , or equivalently smallest momenta of about 46 MeV and 14 MeV, respectively in 4d and 3d.
Our results are summarized below. We refer to [14] for a more complete analysis. We remark that the shown data for D(p 2 ) are not normalized and that a renormalization condition at a given scale would correspond to a rescaling of the overall factor C in the fitting forms considered below. The condensates and the poles, on the other hand, are not affected by such a renormalization. Also note that, since our largest momentum is of the order of 4 GeV, ultraviolet logarithmic corrections are not important to describe the lattice data and they are not included in the fitting functions proposed here. This also avoids the problem of having to regularize the corresponding Landau pole by hand.
In the 4d case, our best fit is obtained for a four-parameter fitting function of the simplest Gribov-Stingl form
which corresponds to the simplified RGZ propagator in Eq. (2.4), modulo the global rescaling factor C. The results of the fit for all lattice volumes, using improved momenta, are reported in Table 1 . The good quality of the fit is seen by comparing it to the data, as shown (for our largest lattice) in Fig. 1 . Let us stress that we are fitting the whole momentum range available and that, for the largest lattice volume, we have 257 data points.
We mention that a test of the more general form of the propagator [given in Eq. (2.
2)] considering a six-parameter fitting function leads to an unstable fit, in which most of the parameters are determined with very large errors, suggesting that the function has too many (redundant) parameters. We then reduced the number of parameters by one and introduced the form which is written as a simple generalization of f 1 (p 2 ) in Eq. (3.1). In this case the fits look reasonable, but the errors are larger and the χ 2 /d.o.f. is not better for the five-parameter fit compared to the four-parameter fit, indicating that the latter is more stable. Also, the fits results suggest a very small (and imaginary) value for ρ 2 , implying that ρ is real and thus supporting the simpler form in Eq. (2.4), fitted above using the function f 1 (p 2 ). In order to extract the value of the condensates described in Section 2 above, we thus consider only the fit results for f 1 (p 2 ) and the volume V = 128 4 (using improved momenta), reported in the last row of Table 1 and plotted in Fig. 1 . By setting f 1 (p 2 ) equal to the RGZ propagator in Eq. (2.4) (modulo the global factor C), we find for the condensates the values reported in 
with α ± = a ± ib and ω 2 ± = v ± iw. The results for the parameters a, b, v and w are also shown in Table 2 . We note that the errors (given in parentheses) correspond to one standard deviation and were evaluated in three different ways: by propagation of error, by a Monte Carlo error analysis and by a bootstrap analysis. We refer to [14] for details of these procedures. Clearly, all results obtained agree within errors. We see that the poles are complex conjugates whose imaginary part is more than twice their real part. We recall that a Gribov propagator would have a null real part.
Let us mention that the values obtained here for M 2 + ρ 1 , m 2 and λ 4 are in good quantitative agreement with the corresponding values -respectively indicated with M 2 , m 2 and 2g 2 Nγ 4 -reported in Ref. [9] for the SU(3) case. 1 Also, as remarked above, the condensate m 2 may be used to obtain a value for the gluon condensate g 2 A 2 , through the relation (see e.g. [9] )
In our case, the value m 2 = −1.92(9) from Table 2 (using propagation of error) yields g 2 A 2 = 1.99(9) GeV 2 .
In the 3d case the simplified fitting form f 1 (p 2 ) in Eq. (3.1) is not able to describe well the lattice data. Indeed, even using improved momenta, the χ 2 /d.o.f. values obtained are quite large. Moreover, as can be seen in Fig. 2 , the fit clearly fails in the IR region. 2 The situation improves by considering the (five-parameter) fitting function f 4 (p 2 ) in Eq. (3.2) above, as can be seen from the results reported in Table 3 , obtained using improved momenta. Let us mention that we have Table  3 , indicating that the latter fit is preferable.
In order to evaluate the condensates of the RGZ model, we thus consider only the results from the fit using f 4 (p 2 ), given for the lattice size N = 320 in the last row of Table 3 and plotted in Fig.  3 . By setting f 4 (p 2 ) [see Eq. 3.2)] equal to the RGZ propagator (2.2) modulo the global factor C, we find the values for the condensates in Table 4 . Note that, using this fitting form, we are able to evaluate M 2 , ρ 1 and |ρ| (and therefore ρ 2 ) separately. In this case, we can see that ρ 2 = 0 and ρ is indeed a complex quantity. This is consistent with the fact that the (four-parameter) fit to the simplified form f 1 (p 2 ) fails, as seen above. Finally, we decompose the propagator as in Eq. 
we consider the function
The corresponding results are also reported 3 in Table 4 . Also in this case we have performed the error analysis in three different ways: propagation of error, Monte Carlo error analysis and bootstrap analysis (see [14] for details). Note that the imaginary part w of the complex-conjugate poles is more than twice the value of their real part v, as in the 4d case. Note also that the mass ω 1 and the residue α associated with the real pole are very small. Moreover, α is negative, which may be associated with violation of reflection positivity, indicating that this mass cannot correspond to a physical degree of freedom.
Finite temperature
We have used a modified Gribov-Stingl expression to fit our infrared data for finite-temperature Landau-gauge SU(2) gluon propagators (in 3+1 dimensions) reported in [18, 20, 23] . For both the longitudinal (electric) propagator D L (p 2 ) and for the transverse (magnetic) propagator D T (p 2 ), we consider the five-parameter fitting form 4
(4.1) 3 Clearly, we have ω 2 1 = k from f 4 (p 2 ). 4 Note that, as in the previous section, the global constant C is fixed (for given values of a, b, d, η) by the renormalization condition, so that there are only four free parameters in (4.1). parameter propagation of error Monte Carlo analysis bootstrap analysis
0.580 (6) 0.580 (6) 0.57 (1) We generally find good fits to the modified Gribov-Stingl form above (including the full range of momenta), with nonzero real and imaginary parts of the pole masses in all cases. For the transverse propagator D T (p 2 ), the masses m R and m I are of comparable size (around 0.6 and 0.4 GeV respectively). The same holds for D L (p 2 ), but in this case the relative size of the imaginary mass seems to decrease with increasing temperature. A detailed discussion of the associated masses m R , m I is postponed to a forthcoming study [33] , as we are presently considering variants of the above fitting form inspired by the zero-temperature forms considered in the previous sections.
We show our fits, together with the data, for several values of the temperature T (given in terms of the critical temperature T c ) in T c , we find a relatively smooth behavior of D L (p 2 ) with T , which calls into question the sensitivity of the electric propagator to the deconfinement transition.
Conclusions
By fitting rational functions of p 2 to the whole range of our (infrared) data for the SU(2) Landau-gauge gluon propagator D(p 2 ) in four and three space-time dimensions, we are able to obtain estimates for the physical values of the masses in the RGZ framework, as well as to gain a better understanding of the pole structure in the proposed expressions. The data points range from about 4 GeV down to 20-40 MeV, which are the smallest simulated momenta to date. In each case, we look for the best fit to the data, with the smallest number of independent parameters, and relate them to the condensates in the proposed analytic forms only at the end. Put differently, the predicted dependence of the fit parameters on the condensates is not imposed in the fitting form, but is obtained as a result of the fit.
We find that the 4d results are well described by the simplified version of the RGZ gluon propagator in Eq. (2.4), equivalent to the simplest Gribov-Stingl form. This corresponds to a pair of complex-conjugate poles, as opposed to the Gribov propagator, in which the poles would be purely imaginary. The values for the condensates M 2 + ρ 1 , m 2 and λ 4 are in agreement with the ones obtained for the SU(3) case in Ref. [9] . The quantitative agreement between the infrared limit of SU(2) and SU(3) theories was observed numerically before in [4, 34] .
In 3d, our fits support the more general form of the RGZ propagator in Eq. (2.2). In this case, the condensate ρ is a complex quantity and there are significant differences in the values of the other condensates and of λ 4 compared to the 4d case. Also, in 3d one has a real pole mass in addition to the pair of complex-conjugate poles. It is interesting to note that the masses from the complex poles assume similar values in 3d and 4d, with an imaginary part that is more than twice their real part. (We recall that a Gribov propagator would have a null real part.) Note also that the mass and the coefficient associated with the real pole in 3d are very small.
Our analysis strongly suggests a pole structure with complex-conjugate masses (with comparable real and imaginary parts) for the infrared gluon propagator in Landau gauge, for zerotemperature (in 4d and 3d) and for nonzero temperatures below and around the critical temperature T c . As stressed at the end of Section 2, one can interpret this result as describing an unstable particle. In particular (see [14] ), in the zero-temperature 4d case we obtain the values m g ≈ 550 MeV and Γ g ≈ 1180 MeV respectively for the gluon mass and for its width. The very large value for the width Γ g may be associated to a lifetime τ g smaller than 10 −24 s, supporting the existence of very short-lived excitations of the gluon field.
